Understanding livestock grazing impacts on native wildlife is difficult when grazing is pervasive and has a long history. Spiti Valley in the Indian Trans-Himalaya is characterized by overstocking of rangelands and a grazing history of over 3 millennia. An intriguing aspect of the wild large-herbivore assemblage in Spiti Valley is its low diversity. In the present theoretical exploration, data on body masses of wild large-herbivore species in the Trans-Himalaya are examined against the backdrop of competition theory, to evaluate the possible role of competition in structuring the herbivore assemblage. The analysis is then expanded to include the livestock assemblage, and the possibility of the low wild herbivore diversity in Spiti Valley being a consequence of the high livestock diversity is explored. Null model analyses suggest that competitive interactions may have played a role in structuring the Trans-Himalayan wild herbivore assemblage. This is reflected in a proportional regularity in species body masses, with each species, on average, being a constant proportion larger than the nearest smaller one. Such a proportional regularity is absent in the livestock assemblage. The analyses make a case for the competitive exclusion of at least four wild grazers in Spiti over the last 3 millennia. The present grazer assemblage conforms reasonably to the theoretical predictions -these four species are among the six wild herbivores presently missing from Spiti. The implications of the analyses for conservation management in the Trans-Himalaya are discussed.
INTRODUCTION
Ecologists have either strongly advocated (Hutchinson, 1959; Karban, 1989; Denno, McClure & Ott, 1995; Prins & Olff, 1998) or relegated the importance of interspecific competition in structuring species assemblages (Lawton & Strong, 1981; Connel, 1983; Schoener, 1983) . The role of competition in structuring large-herbivore assemblages remains especially unclear owing to the logistic difficulty in manipulating populations and measuring competition at the population level (Kie et al., 1991; Forsyth, 2000) . Consequently, the issue of competition between wild herbivores and livestock has remained a heated controversy (Stover, 1985; Prins, 1992; Noss, 1994) , and recent reviews indicate a remarkable scarcity of information on competition between these two groups of herbivores (Putman, 1996; Prins, 2000) . Long histories of livestock grazing can further make the evaluation of grazing impacts on native wildlife and landscape difficult, since the impacts are often pervasive and therefore can go unnoticed (Fleischner, 1994) . Indeed, impacts of livestock grazing on wildlife have been a subject of much debate in South Asia (see Mishra & Rawat, 1998; Saberwal, 1998) , though the debate has been fuelled largely by activism rather than by science.
The Trans-Himalayan regions of the Tibetan Plateau and the Tibetan Marginal Mountains represent a vast rangeland system ( Fig. 1 ; total area over 2.6 million km 2 ) that has been subject to traditional livestock grazing for several millennia (Schaller, 1998) . The 12,000 km 2 Spiti Valley in the Indian Trans-Himalaya has a long history of livestock grazing; the present-day agropastoral community is believed to have inhabited the area for over 3 millennia (Handa, 1994) . The entire catchment is grazed by livestock, and presently most of the rangelands are overstocked (Mishra, Prins & Van Wieren, 2001 ). An intriguing aspect of the large wild herbivore assemblage in Spiti is its low diversity (three species) when compared to the neighbouring Trans-Himalayan Schaller, 1998; pers. obs.) . Why are there so few species of wild large herbivores in Spiti? Almost a century ago, experiments by Tansley (1917) had recorded that the presence or absence of a species in a given area could be determined by interspecific competition. Subsequently, Gause (1934) demonstrated that the joint placement of pairs of similar species that compete for the same resource could cause extinctions as a result of resource competition. Competition has since been a subject of debate regarding its role in structuring species composition in ecological communities. In a recent paper, Prins & Olff (1998) explored patterns in species richness of grazer assemblages in Africa as a function of resource competition and facilitation. Their theoretical analysis predicted an 'optimum' difference in body mass between co-existing members of any natural grazer assemblage, a pattern expected to be influenced by the long-term effects of competition and facilitation. Empirical data corroborated this prediction; species in 'intact' African grazer assemblages indeed show a constant weight ratio, with each grazer species on average being a constant proportion larger than the nearest smaller one. Such morphological relationships (a constant weight ratio in the case of grazers) between the members of a guild are believed to be brought about by character displacement (a co-evolutionary response) and species sorting (an ecological response), both being consequences of competition (Dayan & Simberloff, 1998) .
In this paper, we examine the data on body masses of Trans-Himalayan herbivore species and evaluate if the low diversity of wild herbivores in Spiti Valley could be a consequence of the high diversity of introduced livestock.
STUDY AREA
The Spiti Valley (31°35′ to 33°0′ N and 77°37′ to 78°35′E; altitudinal range 3350 to 6700 m) is flanked by Greater Himalaya in the south, Ladakh in the north and Tibet in the east (Fig. 1) . The climate in Spiti is arid, with most of the precipitation in the form of snow. Its vegetation has been described as dry alpine steppe (Champion & Seth, 1968) . The region is inhabited by a sedentary agro-pastoral Buddhist community. Low primary productivity, high stocking rates and a diversity of livestock species characterize the region's livestock production system (Mishra, 2001) . Livestock reared includes yak, cattle, dzo and dzomo (male and female hybrids respectively of yak and cattle), horse, donkey, sheep and goat. Only three species of large wild herbivores, namely the ibex Capra ibex, the bharal Pseudois nayaur and the Tibetan woolly hare Lepus oiostolus, presently occur in Spiti, while the neighbouring parts of the Trans-Himalaya have six additional species (Table 1) .
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METHODS

Sources and data
We collected information on body masses of wild herbivores from literature. We then averaged the reported adult body masses for each sex and again between the sexes to obtain species body mass. For livestock up to 100 kg, several live adults were weighed. In addition, we weighed six adult yaks, three dzomo and one dzo after they were killed by the local villagers for meat. For four of these individuals, two to three observers independently estimated the body masses prior to slaughtering. The mean deviations of these estimates ranged between 0 to 7.3% of the actual body mass. The same observers estimated the body masses of adult cows and horses that were not slaughtered.
Assumptions and statistical analyses
We began the analysis by assuming that the six species of wild herbivores that are present in the neighbouring regions (of Tibet and Ladakh), but absent in Spiti Valley, were actually present in Spiti and have gone extinct from the region in historical time. We gathered evidence for the past occurrence of these species in Spiti Valley from literature, as well as by asking local people and gathering anecdotal information during fieldwork between 1996 and 2000. We ignored the Ladakh urial Ovis orientalis that has a very restricted distribution in Ladakh and is missing from these neighbouring parts of Spiti (Mallon, 1983) . The assemblage of nine species that occurs in the neighbouring areas was considered as an 'intact' assemblage representative of this part of the Trans-Himalaya. If the species in an assemblage are ranked in the order of increasing body mass, with the smallest species having a rank of zero, and if the assemblage represents a random selection from a uniform distribution of body masses, the natural log-transformed (ln) body mass is a non-linear function of species rank (see Appendix). Therefore, in an assemblage that is characterized by a strong linear relationship, it is evident that the species are not a random selection from a uniform distribution. Instead, each member is a constant proportion bigger than the nearest smaller species, and this weight ratio can be calculated as e slope (May, 1973; Prins & Olff, 1998) .
We performed a least squares regression to assess the linearity of the relationship between ln transformed body masses of species in the 'intact' Trans-Himalayan wild herbivore assemblage and their species ranks. The hypothesis tested was whether these body masses were a random selection from a uniform distribution, or whether they showed certain regularity such as predicted by competition theory. Further, since an a priori relationship is to be expected between body masses and species ranks, we compared the coefficient of determination (r 2 ) of this regression with those of random assemblages. In this null model approach, we drew at (Prater, 1971; Schaller, 1998) 1940s (Prater, 1971) random nine body masses (integers) from the range defined by the 'intact' Trans-Himalayan assemblage (Table 1) , ranked them and performed a regression between ln transformed body masses and species ranks. The simulations were repeated 1000 times following the Monte Carlo approach, and we compared the r 2 values of these random assemblages with that of the 'intact' assemblage to assess the P value, i.e. the probability of obtaining an r 2 value greater than or equal to the observed value (in the 'intact' assemblage) by random chance alone. However, since the universe from which the random samples were drawn was rather large (410 integer values between 3 and 413), we perhaps risked committing a Type I error (Zar, 1984) . To address this potential problem, we also reanalyzed the data using a much smaller universe. We used the smallest WR between any two wild herbivores (in this case 1.14; see Table 4 ) to estimate the size of this universe. We asked how many body masses could theoretically fit in the range defined by the wild grazer assemblage if the smallest species was 3 kg and every other species was at least 14% larger than the next smaller one. We repeated the Monte Carlo simulations, by drawing random assemblages from a universe of as many integers as the possible number of body masses.
We are aware of the increasing use of Bayesian or likelihood approaches in non-experimental studies (Wade, 2000) , where the probability of the value of a parameter is estimated given the data, in favour of estimating the probability of the observed data given a specific value of the parameter (such as a null hypothesis). We chose to follow the latter approach because we were interested in detecting patterns (constant weight ratios) in the observed data set of body masses, rather than in the values of the parameters (r 2 or the weight ratio) themselves.
Species introductions into an 'intact' assemblage
We consider a wild multi-species herbivore assemblage, with its competition-facilitation interactions, and in equilibrium with the vegetation. We also assume that this 'intact' assemblage, at equilibrium, represents the 'optimum' weight ratio and species packing for that ecosystem. Herbivore introductions in such an ecosystem will reduce the weight ratio. If the population of the introduced species builds up to the extent that it can have a significant influence on graminoid biomass, new competition-facilitation interactions are likely to develop. Left to itself, the system will perhaps experience changes in relative abundance of species, which, in some cases, may cause species extinctions. What happens if the reproductive performance of the introduced species were enhanced through mediation of the negative competitive or climatic effects it would have otherwise faced, such that it is maintained at an 'inflated' density? Supplemental feeding allows populations to be overstocked, i.e. continue to grow beyond points of natural resource limitation (Mishra, 2001) . We assume that if the livestock population is overstocked, one can expect reductions in the population, and eventual extinction of some or many of the original inhabitant species. We also assume that at exceptionally high density, supplementary fed livestock could drive all wild grazers to extinction. Theoretically, however, there should be a temporal sequence to these extinctions, with species of wild grazers most similar in body mass to livestock most likely to go extinct first through presumed competition (Prins & Olff, 1998) .
Against this theoretical framework, we explored the relationship between the livestock assemblage in Spiti and the rarity of wild grazers in its rangelands. We calculated pair-wise weight ratios between each of the seven livestock and nine wild herbivore species by dividing the heavier species in each pair with the lighter one, and examined the smallest weight ratios. These indicate species expected to show strong competition and early exclusion.
Competition is believed to be the dominant form of interaction between grazers at low grass biomass, while facilitation becomes important at high grass biomass (Van de Koppel & Prins, 1998) . A global comparison has revealed that the Trans-Himalaya fall at the low end of the range in terms of above-ground graminoid biomass (Mishra, 2001 ). In our analysis of body masses of the wild grazer assemblage, we therefore interpret the observed patterns in the context of competition and ignore facilitation.
RESULTS
The body masses of wild herbivores and livestock are summarized in Tables 1 and 2 , respectively. Table 1 also gives some indication of availability of potential habitat in Spiti for the wild herbivore assemblage. We could get evidence that at least three of the six missing large herbivores were once present in Spiti Valley. Thus, our assumption of the past occurrence of all the species in Spiti appears to have some credibility. We have also summarized from literature, the reported graminoid contribution in the diet of all these wild herbivores ( Table 1) .
The role of competition in structuring the 'intact' assemblage
If competitive interactions have indeed structured the 'intact' wild large-herbivore assemblage, the species 254 C. MISHRA ET AL. body masses in this assemblage should exhibit conformity, characterized by a certain weight ratio. Figure 2(a) depicts the relationship between ln transformed body mass and species ranks of the 'intact' Trans-Himalayan wild grazer assemblage (see Table 1 ). The high coefficient of determination (r 2 = 0.9768) suggests conformity in body masses, yielding a weight ratio of 1.812, i.e. in this assemblage each species, on average, is about 81% heavier than the next smaller one.
Ten random draws of nine body masses from the range defined by the 'intact' Trans-Himalayan grazer assemblage (3 to 413 kg; Table 1 ) yielded a mean coefficient of determination of 0.779 (± 0.138 SD), suggesting that the high r 2 of the 'intact' assemblage is indeed an expression of a real proportional regularity. Furthermore, out of 1000 random draws, only 23 yielded an r 2 value that was greater than or equal to the observed value, thereby suggesting that the probability of getting such an assemblage of body masses as exists in the 'intact' assemblage by chance alone is very remote (P < 0.023; range 0.435 to 0.0.993).
Reanalysis with a smaller universe from which random samples were drawn did not change the results qualitatively. A weight ratio of 1.14, with the smallest species weighing 3 kg and the largest 413 kg, yielded 37 possible body masses within this range. Monte Carlo simulations (1000 permutations) using 37 integers (1-37) yielded only 47 r 2 values that were greater than or equal to the observed value of the 'intact' assemblage (P = 0.047; range 0.438 to 0.995). Thus, the analysis suggests that body masses in the 'intact' assemblage indeed seem to show a proportional regularity, in line with the predictions of competition theory.
On competitive exclusion
When seven species of livestock, as are present in Spiti, are introduced into the 'intact' assemblage, the weight ratio declines to 1.339 (Fig. 2(b) ). All these seven species feed substantially on graminoids (> 50% graminoid contribution in the diet; Mishra, 2001) . Since this new assemblage is human-modified, and is not 255 Competitive exclusion in a large-herbivore assemblage expected to be structured entirely by long-term competitive or climate-mediated interactions, one expects a decline in the proportional regularity of body masses. This is reflected in a decline in the coefficient of determination (r 2 = 0.9271). Although this r 2 value may seem high, it is in fact not significantly different from that of an assemblage of 16 species whose body masses are a random selection from a uniform distribution (P = 0.180, range 0.361 to 0.993). In fact, the r 2 decreases to 0.8908 if only livestock are considered, suggesting that although representing a wide range of body masses, there is no proportional regularity in this introduced assemblage (Fig. 2(c) ; P = 0.638, range 0.508 to 0.995). The weight ratio of the present grazer assemblage in Spiti, including the three extant wild species and livestock, is 1.514 though the low coefficient of determination negates any proportional regularity (Fig. 2(d) , r 2 = 0.8315, P = 0.642; range 0.393 to 0.991).
Pair-wise weight ratios between each of the seven livestock and nine wild herbivore species yielded 63 values, of which the first 14 (smallest weight ratios) are presented in Table 3 . Since the livestock assemblage includes seven species, we examined the first seven weight ratios. As is evident from Table 3 , these include five wild herbivores, of which four are actually missing in Spiti, i.e. species we earlier assumed had gone extinct. Furthermore, for all the nine wild herbivores, we listed the nearest respective species in body mass (including both wild herbivores and livestock), and asked if these presumably extinct wild grazers preferentially had livestock as the most similar species. As seen in Table 4 , all these four species indeed have livestock as the most similar species. Thus, of the six 'missing' wild herbivores in Spiti, evidence points to apparent competitive exclusion of four species.
DISCUSSION
The present analysis has several important limitations. Given that no historical distribution information was available, and that we found evidence for the past occurrence of only three of the six missing species in Spiti, our starting assumption that all six species were once present in Spiti remains only partly substantiated. Further, owing again to the lack of historical information, we have focused only on body mass and completely ignored the past densities of livestock that have presumably driven these competitive exclusions. While we now have evidence that the rangelands in Spiti are overstocked, and that bharal compete with the livestock for forage (Mishra, 2001; Mishra et al., 2001) , the underlying assumption throughout this analysis has been that the livestock densities in the past also were high enough to limit availability of forage for wild herbivores. Our inability to substantiate this assumption remains an important drawback of this analysis. We have also ignored the possible role played by differences in species habitat selection patterns in mediating competitive interactions. These differences may play an important role in structuring the wild herbivore assemblage. However, given the ubiquitous presence of livestock across habitats in Spiti, they are less likely to cause variation in the competitive effects of livestock on wild herbivore species. Finally, we have ignored the role of sexual dimorphism in our analysis by averaging body masses between sexes. In so far as the analysis of wild herbivore weight ratios is concerned, this remains a shortfall, but was necessitated in order to keep the analyses of their relationship with livestock simple.
Notwithstanding the caveats, our analysis suggests that wild yak, kiang, Tibetan argali and chiru may presumably have been driven to extinction in Spiti owing to competitive exclusion by livestock. Contiguity in geographic distribution of Spiti's present fauna, including the three wild herbivores, with neighbouring areas of Ladakh and Tibet further suggests that some of the species may have been extirpated in historical times from Spiti. However, the absence of two species in Spiti, the Tibetan gazelle and the Himalayan marmot, remains unexplained by competition theory. At least in the case of the former, the little information available seems to suggest that the animal is a browser (Table 1) , and therefore it is unlikely to have been competitively excluded by grazer species. Reanalysis of the data after removing the Tibetan gazelle did not affect the conclusions derived earlier qualitatively, only the weight ratio of the 'intact' Trans-Himalayan assemblage increased to 1.969 (r 2 = 0.9438), i.e. instead of 81%, each species becomes about 97% heavier than the next smaller one.
One of the wild species that figured in the first seven weight ratios in Table 3 , the ibex, persists in Spiti, though much restricted in distribution as well as density 256 C. MISHRA ET AL. when compared to bharal (Bhatnagar, 1997; pers. obs.) . In fact, if we expand this list up to a weight ratio of approximately 2.0 (the average weight ratio in the 'intact' assemblage), even bharal gets included in the list of wild species most similar to the introduced livestock (Table 3) . It is perhaps not surprising that we have found evidence for competition between livestock and bharal (Mishra, 2001) . One important question remains unanswered and is beyond the scope of the present exercise; what has allowed these species to persist in the neighbouring Trans-Himalayan areas? Lower livestock stocking rates, differences in the livestock production system, and larger area with source populations for recolonization could be among the causes, and a detailed comparative study between Spiti and other regions of the Indian TransHimalaya could provide the answer.
IMPLICATIONS
The Trans-Himalaya has to date been viewed as a lowproductive ecosystem, where 'Wild animals occur in low densities and need larger areas to maintain their viable populations' (Chundawat & Rawat, 1994: 3 ; also see Rawat et al., 1990; Johnsingh et al., 1999) . There is little doubt that the primary production in the region is relatively poor, and that wild herbivores will occur at lower density and diversity compared to many other ecosystems. However, fallout of this conventional view has been that even the possibility that other important factors (such as high livestock density) could be limiting wild herbivore diversity and density in many parts of the TransHimalaya has not been considered. These instead have inadvertently been accepted as being consequences of the naturally low primary production. Further, the fact that most of the area is grazed by livestock at high density (and has historically also been subject to other extractive uses such as fuel and fodder collection) has meant that 'ecological benchmarks' showing how the vegetation and associated wildlife would appear in the absence of livestock grazing are completely missing. This could be another reason why the need for considering factors other than low primary production in explaining herbivore diversity has not been felt. Notwithstanding the caveats, the present analysis suggests that competition with livestock and associated collateral effects of livestock grazing may have actually driven several wild herbivores to extinction locally in parts of the Trans-Himalaya. We therefore propose that if these several endangered (many of them globally) wild herbivores are to be conserved in the Trans-Himalaya, this conventional view needs to be re-examined if not discarded. Managing livestock densities and creating grazing-free areas (which at the moment are lacking even inside wildlife reserves) should become the top priority for wildlife management.
APPENDIX
In an assemblage where body masses follow a uniform distribution, i.e. every body mass within a given range has an equal probability of being present, the expected difference in body mass between any two adjacent species can be described as (Prins & Olff, 1998) :
(1) where W max = maximum body mass in the assemblage W min = minimum body mass in the assemblage n = species richness.
The expected body mass of the i-th species in such an assemblage can be described as: 
Equation (3) represents a non-linear relationship. It is therefore evident that in an assemblage where body masses follow a uniform distribution, the natural lntransformed body mass is a non-linear function of species rank.
On the other hand, in assemblages where each species on average is a constant proportion larger than the next smaller one (i.e. assemblages that show a constant weight ratio), the expected body mass of the i-th species can be described as (May, 1973; Prins & Olff, 1998 Thus, in assemblages that follow a constant weight ratio (equation 4), the ln-transformed body mass is a linear function of species rank.
